Introduction {#Sec1}
============

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are life-threatening medical conditions with high morbidity and mortality rates, and they are triggered by common pathologies such as sepsis, trauma and pneumonia \[[@CR1]\]. ALI pathophysiology is characterised by the increased permeability of the alveolar-capillary barrier, interstitial edema, neutrophil recruitment, and inflammatory stress-induced cell apoptosis \[[@CR2], [@CR3]\]. The pathophysiology of sepsis-induced ALI is characterised by complex mechanisms that involve cell inflammation, cytokine production, and abnormal apoptosis \[[@CR4]\]. To date, there is no effective pharmacological approach to treat ALI.

Apoptosis, known as programmed cell death, is essential for the selective elimination of cells. However, the dysregulation of apoptosis pathways has been demonstrated to contribute to epithelial and endothelial injury, which are characteristic of ALI \[[@CR5]\]. The inhibition of apoptosis increases the animal survival rate in an LPS-induced ALI model \[[@CR6]\].

Lipopolysaccharide (LPS), a main component of the outer membrane of gram-negative bacteria, is widely used to induce animal models of ALI through intratracheal instillation \[[@CR7]\]. After binding with Toll-like receptor 4 (TLR4), LPS induces the activation of downstream signalling pathways responsible for the infiltration of inflammatory cells (i.e., neutrophils) into the lungs and the production of pro-inflammatory cytokines \[[@CR8]\]. The binding of LPS to TLR4 also induces IκB-α phosphorylation and degradation, promotes the nuclear translocation and activation of NF-κB, and subsequently leads to the excessive release of pro-inflammatory cytokines \[e.g., tumour necrosis factor-α (TNF-α), interleukin (IL)-1β, IL-6\] \[[@CR9]\]. Moreover, LPS can activate JNK, a member of the MAPK family. Activated JNK can phosphorylate numerous mitochondrial proteins, including Bcl-2 and Bcl-xl \[[@CR10], [@CR11]\]. Subsequently, cytochrome c is released from the mitochondria, which leads to the activation of death signals \[[@CR12]\]. JNK activation is essential for LPS-induced macrophage apoptosis during sepsis \[[@CR13]\].

Tumour necrosis factor-α-induced protein-8 (TNFAIP8)-like 2 (TIPE2), which is an essential negative regulator of TLR and TCR function, has been confirmed to inhibit caspase-mediated apoptosis \[[@CR14]\]. TIPE2 has been reported to be a negative regulator of the activating protein (AP)-1, NF-κB, JNK, and p38 pathways \[[@CR15]\].

Whether TIPE2 has a therapeutic effect on LPS-induced ALI has not been reported. The current study was designed to test the hypothesis that TIPE2 attenuates LPS-induced ALI through the inhibition of lung inflammation and apoptosis, which may be associated with suppressing NF-κB and JNK activation.

Materials and methods {#Sec2}
=====================

Reagents {#Sec3}
--------

LPS (*E. coli* 0111:B4) was obtained from Sigma-Aldrich (St. Louis, MO). Rabbit polyclonal Bax, caspase 3, TIPE2 and Lamin A antibody were sourced from Abcam limited. Rabbit polyclonal JNK, rabbit monoclonal p-JNK and β-actin antibody were from Cell Signaling Technology (Boston, MA). Rabbit polyclonal Bcl-2, NF-κB p65, and caspase 9 antibodies were from ProteintechGroup, Inc (Wuhan, China). HRP-conjugated secondary antibody was obtained from Boster Biological Technology co. LTD (Wuhan, China). Enzyme-linked immunosorbent assay (ELISA) kits were purchased from Abclonal Technology (USA). MPO kit was obtained from Nanjing Biohelper Co., Ltd. (Nanjing, China).

Animals {#Sec4}
-------

Adult male BABL/c mice (6--8 weeks) weighing 20--25 g were purchased from the Wuhan Institute of Biological Products Co., Ltd. (Wuhan, China). The mice were housed under specific pathogen-free (SPF) conditions that provide relative humidity ranging between 55% and 65%, temperature of 22 ± 2 °C, a 12:12 h light--dark cycle, with free access to food and water. The animals were adapted to this environment for 1 week before the experiment. This study was approved by Medical Ethics Committee of Renmin Hospital of Wuhan University and was performed in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.

Adenovirus gene delivery {#Sec5}
------------------------

A recombinant adeno-associated virus containing the mouse TIPE2 gene was purchased from Hanheng Company (Hanheng Biotechnology Co., Ltd., Shanghai, China). An adeno-associated virus expressing no transgene was used as a negative control (pAAV-IRES-ZsGreen). Twenty-one days before LPS instillation, BALB/c mice were anaesthetized using sodium pentobarbital and given 5 × 10^10^ vector genomes (vg) of rAAV6-FLAG-mTIPE2 (5 × 10^12^ vg/ml) in 50 μl of PBS via intratracheal (i.t.) administration to induce the overexpression of pulmonary TIPE2. Control mice were treated with the control adeno-associated virus. The efficacy of the fusion protein was evaluated by western blotting.

Experimental design and animal models of ALI {#Sec6}
--------------------------------------------

Forty mice were randomly divided into four groups (*n* = 10 per group): the control group (PBS); the LPS group (LPS); the TIPE2 + PBS group (AAV-TIPE2 + PBS); and the TIPE2 + LPS group (AAV-TIPE2 + LPS). As previously described by Matute-Bello et al. \[[@CR18]\], to establish the ALI model, mice were anaesthetized with an intraperitoneal (i.p.) injection of pentobarbital sodium (50 mg/kg), orally intubated with a sterile plastic catheter and subsequently intratracheally injected with LPS (*Escherichia coli* 055: B5; Sigma, St. Louis, MO, USA) at a dose of 5 mg/kg body weight. Control mice were intratracheally administered 50 μl of sterile phosphate-buffered saline (PBS). Twenty-four hours after LPS treatment, the mice were sacrificed by an i.p. injection of pentobarbital (50 mg/kg; Sigma). Arterial blood was collected, and then a median sternotomy was performed to expose the lungs. In each mouse, after the hilum of the right lung was ligated, the left lung was lavaged to obtain the BALF. The right upper lobe of the lung was excised to calculate the lung wet/dry weight ratio. Lung tissues from part of the right middle lobe of the lung were taken for HE staining, immunohistochemical staining, transmission electron microscopy, and TUNEL staining. Lung tissues from part of the right lower lobe of lung were taken for MPO activity detection and western blotting. Lung tissues were snap-frozen in liquid nitrogen and stored at − 80 °C for later analysis.

Histopathological lung examination {#Sec7}
----------------------------------

Lung tissues were harvested for observing morphologic alterations at 24 h after LPS or PBS administration. The right middle lobe of lung were excised, washed and fixed with 4% (v/v) paraformaldehyde for 24 h at 4 °C. Lung tissues were embedded in paraffin, sectioned at 4 μm thickness, dewaxed and rehydrated, and stained with hematoxylin and eosin (H&E) solution (hematoxylin, MHS16; eosin, HT110132; Sigma-Aldrich, USA) to estimate inflammation in alveolar and peribronchial lesions. The stained slides were then observed with the light microscope and the digital micrographs were taken for analyzing. Histologic changes were evaluated by a pathologist blinded to the experiment. The degree of lung injury was graded using a histologic ALI scoring system based on histologic features, including neutrophils infiltration, hyaling membranes, proteinaceous debris, and alveolar septal thickening \[[@CR16]\].

Immunohistochemistry stain {#Sec8}
--------------------------

Sections of paraffin-embedded tissue were subjected to immunohistochemical staining. The Rabbit polyclonal TIPE2 antibody (15940-1-AP, Proteintech Group, Inc. USA) was used at 1:250. Sections were incubated with primary antibody (4 °C, 15 h), followed with a poly-horseradish peroxidase anti-rabbit secondary antibody (dilution ratio 1:10,000; A24531, Thermo Fisher Scientific Inc. USA) incubated (37 °C, 20 min), and diaminobenzidine (DAB) was used to visualize the complex. Subsequently, the sections were counterstained with hematoxylin, dehydrated, and mounted. The expression of TIPE2 was evaluated using a light microscope (BX51; Olympus Corporation, Tokyo, Japan).

Ultrastructural changes of lung tissues by transmission electron microscopy {#Sec9}
---------------------------------------------------------------------------

The lungs were isolated and cut into 1--2-mm^3^ cubes. Lung tissue samples were fixed by immersion in 2.5% glutaraldehyde buffer for 24 h at 4 °C, washed with PBS solution three times, post-fixed for 1 h in 1% osmium tetroxide, dehydrated in graded solutions of ethyl alcohol (30%, 50%, 70%, 90% and 100%), and embedded in epoxy resin. Ultrathin sections (70 nm) that were double-stained with uranyl acetate and lead citrate were examined under a transmission electron microscope (Hitachi H-600, Hitachi, Tokyo, Japan).

TdT-mediated dUTP nick end labelling (TUNEL) staining {#Sec10}
-----------------------------------------------------

Apoptosis was detected and quantified by the TUNEL assay using the In Situ Cell Death Detection Kit (Roche Diagnostics GmbH, Mannheim, Germany.) according to the manufacturer's protocol. Apoptotic cells exhibited brownish staining in the cell nuclei. Ten random sections of the lung from each mouse were analysed without knowledge of the group of mice from which the lung tissue was taken, and the apoptosis index was expressed as a percentage of TUNEL-positive cells. The examination was performed by two pathologists blinded to the experimental design.

Inflammatory cell counting and protein concentration determination in the BALF {#Sec11}
------------------------------------------------------------------------------

To obtain the BALF, the lungs were lavaged three times with ice-cold PBS (0.5 ml) and withdrawn each time using a tracheal cannula (a total volume of 1.5 ml). The collected BALF was centrifuged at 1000×*g* for 15 min at 4 °C, and the supernatants were collected and frozen at − 80 °C for subsequent assays. The cell pellet was resuspended in PBS, and after excluding the dead cells by trypan blue staining, the total number of inflammatory cells in the BALF was determined by counting the cells with a haemocytometer (Beckman Coulter, Inc). To analyse the cell numbers, 100 μl of BALF was centrifuged onto slides by a Cytospin (Thermo Fisher Scientific, Waltham, USA). After the slides were dried, the cells were fixed and stained using Wright Stain solution (32857, Sigma, USA) according to the manufacturer's instructions. The number of polymorphonuclear neutrophils (PMNs) was classified by a laboratory technologist blinded to the experimental design to determine the percentage of neutrophils. The frozen BALF supernatant was thawed and thoroughly mixed, and the total protein concentration was determined by the BCA (bicinchoninic acid) method.

Arterial blood gas analysis {#Sec12}
---------------------------

After mice were anesthetized, the arterial blood sample was collected with a heparinized syringe from the carotid artery. The arterial blood samples were immediately injected into an ABL700 Radiometer (Radiometer America, USA) to measure pH value, partial gas pressures of oxygen (PaO~2~), PaO~2~/fraction of inspired oxygen (FiO~2~), and carbon dioxide (PaCO~2~).

Lung wet/dry weight ratio {#Sec13}
-------------------------

The magnitude of pulmonary edema was determined by calculating the lung wet/dry weight ratio. The right upper lobe of the lung was excised, washed with phosphate-buffered saline (PBS), blotted and then weighed to obtain the "wet" weight. The lung was then placed in an oven for 48 h at 65 °C and weighed to obtain the "dry" weight. The wet/dry ratio was calculated to quantify the degree of pulmonary edema.

MPO activity assay {#Sec14}
------------------

RIPA lysis buffer was used for lysing the lung tissues, and 10 mg of tissue was used for each test sample. After washing with cold PBS, the tissues were resuspended in four volumes of MPO assay buffer and then centrifuged (13,000×*g* for 10 min, 4 °C). The supernatant was collected and transferred to clean tubes, which were placed on ice. The MPO activity was assayed using a Myeloperoxidase Activity Assay Kit (Abcam, ab105136) by measuring the absorbance of the sample at 460 nm using a microplate reader (Bio-Rad Laboratories, Hercules, CA, USA). The specific MPO activity in the lungs is expressed as unit/mg protein.

Measurement of pro-inflammatory cytokines in serum {#Sec15}
--------------------------------------------------

Blood was collected from the carotid artery, and serum was obtained following centrifugation (1000×*g* for 10 min). The levels of TNF-α, IL-6 and IL-1β in serum were determined using enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer's instructions (R&D Systems, Minneapolis, MN, USA). The absorbance was measured at 450 nm using an ELISA reader (BioTek Instruments, Inc., USA).

Western blot analysis {#Sec16}
---------------------

24 h after the injection of LPS, the lung tissues were harvested and snap-frozen in liquid nitrogen until homogenization. The lung tissues were homogenized using a homogenizer with tissue nuclear and cytoplasmic extraction reagents (Sigma-Aldrich, USA), according to the manufacturer's instructions. Protein concentrations were determined using the BCA protein assay kit (Invitrogen; Thermo Scientific). Equal amounts of protein (50 μg) were loaded per well on sodium dodecyl sulphate--polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride membranes. The resulting membranes were blocked by incubation with 5% skim milk in TBST at room temperature for 2 h on a rotary shaker, followed by washing with TBST. Subsequently, the membranes were incubated with specific primary antibody overnight at 4 °C. The membranes were washed with TBST followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibody at room temperature for 1 h. The blots were washed TBST and detected using an enhanced chemiluminescence (ECL) western blotting detection kit. The proteins bands were observed using an ECL western blotting analysis system (Bio-Rad Laboratories, Inc., USA) and quantified by densitometry (Image Lab software version 5.2.1).

Statistical analysis {#Sec17}
--------------------

The data are expressed as the mean ± SEM. The statistical analysis was performed using GraphPad Prism (version 7.0; GraphPad Software, Inc., La Jolla, CA, USA) by one-way analysis of variance (ANOVA) followed by Dunnett's least significant difference post hoc test. *P *\< 0.05 was considered statistically significant.

Results {#Sec18}
=======

TIPE2 overexpression attenuates LPS-induced lung injury in mice {#Sec19}
---------------------------------------------------------------

In the present study, we first investigated the effects of TIPE2 overexpression on lung histopathology and function in mice challenged with LPS (Fig. [1](#Fig1){ref-type="fig"}). The lung tissues were harvested 24 h after LPS stimulation and subjected to H&E staining. There were no obvious histological changes in the lung tissues of the mice group A and group C. Significant pathological changes, including pulmonary capillary congestion, pulmonary interstitial edema, mass inflammatory cell infiltration into the alveolar space and lung interstitium, and alveolar wall thickening, were observed in the lung tissues of LPS-challenged mice. A subsequent western blot assay further demonstrated that TIPE2 protein levels were significantly increased in the lung tissues of AAV-TIPE2-infected mice. Treatment with AAV-TIPE2 significantly attenuated the histopathological changes induced by LPS (Fig. [1](#Fig1){ref-type="fig"}a). In addition, a scoring system was used to assess the degree of lung injury. As shown in Fig. [1](#Fig1){ref-type="fig"}b, the quantitative scoring of histological lung injury in the ALI mice was markedly increased compared with that in the control group 24 h after LPS challenge. However, recombinant adeno-associated virus-mediated TIPE2 overexpression markedly decreased the pathological scores compared with those of the LPS group.Fig. 1TIPE2 overexpression attenuates the lung histopathological changes in LPS-challenged mice. Acute lung injury was induced by i.t. administration of LPS at a dose of 5 mg/kg body weight. Control mice were intratracheally administered 50 μl of sterile PBS. 24 h after the LPS/PBS treatment, the mice were sacrificed by an i.p. injection of pentobarbital, the lung tissues without lavage were collected for measuring the histopathology, histologic injury scores and ultrastructural changes of the lung. **a** Representative histology sections of lung tissues under light microscope (H&E staining, magnification, × 200); **b** Lung histologic injury score. The data are presented as mean ± SEM. *n* = 10/group, ^\*^*P *\< 0.05 versus PBS group; ^\#^*P *\< 0.05 versus LPS group

TIPE2 overexpression attenuates ultrastructural changes in the lung tissues of LPS-challenged mice {#Sec20}
--------------------------------------------------------------------------------------------------

Transmission electron microscopy was used to examine the ultrastructural changes of lung tissues (Fig. [2](#Fig2){ref-type="fig"}). In the control group, there were abundant mitochondria with regularly arranged mitochondrial cristae and homogeneous matrix. Lungs from LPS-treated mice exhibited a disordered arrangement of mitochondrial cristae, and the number of lamellar bodies was decreased. In the TIPE2 + LPS group, the pathologic damage was significantly alleviated compared with that in the LPS group.Fig. 2TIPE2 overexpression attenuates the lung ultrastructural changes in LPS-challenged mice. Ultrastructural changes of lung tissues under transmission electron microscope (× 10,000). *Lb* lamellar body, *Nu* nucleus, *M* mitochondria

TIPE2 overexpression inhibits pulmonary cell apoptosis in LPS-challenged mice {#Sec21}
-----------------------------------------------------------------------------

We investigated the effects of TIPE2 overexpression on lung cell apoptosis in LPS-challenged mice by TUNEL staining. TUNEL staining revealed few apoptotic cells in the lungs of the control group. After the administration of intratracheal LPS, unlike in control mice, numerous lung cells were strongly positive for TUNEL staining. However, in the lung tissues of AAV-TIPE2-treated mice, a few of the lung cells were TUNEL-positive (Fig. [3](#Fig3){ref-type="fig"}a). For quantitative measurement, the percentage of TUNEL-positive lung cells was analysed for each specimen (Fig. [3](#Fig3){ref-type="fig"}b). The results showed that LPS-challenged mice showed a significant increase in the number of apoptotic cells, which was reduced by AAV-TIPE2 treatment. These data indicated that TIPE2 overexpression inhibited apoptosis in the lung after LPS challenge.Fig. 3TIPE2 overexpression prevented the lung cell apoptosis in LPS-challenged mice. The mice were treated as described in Fig. [1](#Fig1){ref-type="fig"}. The lung samples were collected for measuring TUNEL staining at 24 h after PBS/LPS administration. **a** Representative lung TUNEL staining (× 400); **b** Percentage of TUNEL-positive cells. The data are presented as mean ± SEM. *n* = 10/group, ^\*^*P *\< 0.05 versus PBS group; ^\#^*P *\< 0.05 versus LPS group

TIPE2 overexpression reduces pulmonary vascular permeability and neutrophil infiltration into the lungs during ALI induced by LPS {#Sec22}
---------------------------------------------------------------------------------------------------------------------------------

The lung W/D ratio and BALF protein concentration are two commonly used indicators of pulmonary vascular permeability, which is an important characteristic of ALI/ARDS. LPS-challenged mice showed a significant increase in the lung W/D ratio (Fig. [4](#Fig4){ref-type="fig"}a) and BALF protein concentration (Fig. [4](#Fig4){ref-type="fig"}b) when compared with those of the control group, and these levels were decreased by AAV-TIPE2 treatment. We also detected the ratio of the number of PMNs relative to the number of total cells in the BALF and the activity of MPO, an indicator of neutrophil infiltration, in the lung 24 h after LPS administration. Compared with those in the control group, the PMN/total cell ratio in the BALF (Fig. [4](#Fig4){ref-type="fig"}c) and lung MPO activity (Fig. [4](#Fig4){ref-type="fig"}d) in LPS-challenged mice were dramatically increased, and these levels were inhibited by AAV-TIPE2 treatment. These results suggest that TIPE2 overexpression attenuates lung edema and inflammation in LPS-challenged mice.Fig. 4TIPE2 overexpression reduced Lung W/D ratio, BALF protein concentration, PMNs/total cells in BALF as well as lung MPO activity in LPS-challenged mice. The mice were treated as described in Fig. [1](#Fig1){ref-type="fig"}. BALF and lung tissues were collected at 24 h after LPS or PBS administration. **a** Lung W/D ratio; **b** BALF protein concentration; **c** PMNs/total cells in BALF; **d** lung MPO activity. The data are presented as mean ± SEM. *n* = 10/group, ^\*^*P *\< 0.05 versus PBS group; ^\#^*P *\< 0.05 versus LPS group

TIPE2 overexpression improves pulmonary dysfunction during ALI induced by LPS {#Sec23}
-----------------------------------------------------------------------------

As shown in Fig. [5](#Fig5){ref-type="fig"}, the arterial blood gas analysis of mice that received LPS treatment showed significant changes compared with that of the control group, with the pH (Fig. [5](#Fig5){ref-type="fig"}a), partial pressure of arterial oxygen (PaO~2~) (Fig. [5](#Fig5){ref-type="fig"}b) and PaO~2~/FiO~2~ (Fig. [5](#Fig5){ref-type="fig"}c) decreasing and the partial pressure of arterial carbon dioxide (PaCO~2~) (Fig. [5](#Fig5){ref-type="fig"}d) increasing. The PaO~2~/FiO~2~ of the mice in the LPS group achieved clinical diagnostic criteria for ALI (\< 300). However, TIPE2 overexpression effectively mitigated the change in arterial oxygenation. Compared with those in the LPS group, the pH and PaO~2~ were increased, and PaCO~2~ was decreased in the TIPE2 + LPS group. The PaO~2~/FiO~2~ in the TIPE2 + LPS group recovered to normal levels and was higher than that in the LPS group.Fig. 5TIPE2 overexpression improved pulmonary dysfunction during ALI induced by LPS. The mice were treated as described in Fig. [1](#Fig1){ref-type="fig"}. Arterial blood was collected for blood gas analysis at 24 h after LPS or PBS administration. **a** pH; **b** PaO~2~; **c** PaO~2~/FiO~2~; **d** PaCO~2~. The data are presented as mean ± SEM. *n* = 10/group, ^\*^*P *\< 0.05 versus PBS group; ^\#^*P *\< 0.05 versus LPS group

TIPE2 overexpression downregulates the cytokines in the serum of LPS-challenged mice {#Sec24}
------------------------------------------------------------------------------------

As depicted in Fig. [6](#Fig6){ref-type="fig"}, we found that the levels of the pro-inflammatory cytokines TNF-α (Fig. [6](#Fig6){ref-type="fig"}a), IL-6 (Fig. [6](#Fig6){ref-type="fig"}b) and IL-1β (Fig. [6](#Fig6){ref-type="fig"}c) in the serum were significantly increased 24 h after LPS challenge in mice. AAV-TIPE2 treatment significantly downregulated the levels of pro-inflammatory cytokines in the serum of LPS-challenged mice.Fig. 6TIPE2 overexpression reduced LPS-induced proinflammatory cytokine levels in mice. The mice were treated as described in Fig. [1](#Fig1){ref-type="fig"}. Blood sample was collected for measuring the pro-inflammatory cytokines levels at 24 h after LPS or PBS administration. **a** TNF-α; **b** IL-6; **c** IL-1β. The data are presented as mean ± SEM. *n* = 10/group, ^\*^*P *\< 0.05 versus PBS group; ^\#^*P *\< 0.05 versus LPS group

TIPE2 overexpression suppresses the activation of JNK and NF-κB as well as the protein expression of genes involved in apoptosis and lung injury induced by LPS {#Sec25}
---------------------------------------------------------------------------------------------------------------------------------------------------------------

Previous studies have shown that TIPE2 is a negative regulator of the NF-κB, JNK, and p38 MAPK pathways in macrophages \[[@CR15]\]. The effect of TIPE2 on NF-κB and JNK activation was assessed in mice after LPS challenge. To evaluate the effect of TIPE2 overexpression on lung cell apoptosis in LPS-challenged mice, the protein expression levels of anti-apoptotic proteins (Bcl-2) and proapoptotic proteins (Bax, cleaved caspase-3, cleaved caspase-9) in the lung tissues were analysed by western blotting. As shown in Fig. [7](#Fig7){ref-type="fig"}, compared with control mice, mice with LPS-induced ALI exhibited decreased Bcl-2 expression and increased Bax, Bax/Bcl-2, cleaved caspase-3, and cleaved caspase-9 protein expression in lung tissue samples, whereas the changes in the expression of the proteins were reversed by AAV-TIPE2 treatment. In addition, LPS stimulation markedly increased nuclear NF-κB p65 and phosphorylated JNK (p-JNK) expression and decreased TIPE2 expression in the lungs compared with that in the control group. However, adeno-associated virus-mediated TIPE2 overexpression suppressed the increase in the expression of nuclear NF-κB p65 and p-JNK induced by LPS.Fig. 7TIPE2 overexpression suppressed the activation of JNK and NF-κB as well as the protein expression of genes involved in apoptosis and lung injury induced by LPS. The mice were treated as described in Fig. [1](#Fig1){ref-type="fig"}. Lung tissues were collected for western blotting analysis at 24 h after LPS or PBS administration. **a** Western blotting analysis of protein expression of Bax, cleaved caspase-3, cleaved caspase-9, Bcl-2, JNK, p-JNK, nuclear NF-κB p65, and TIPE2; **b**--**h** The relative ratio of Bax, cleaved caspase-3, cleaved caspase-9, Bcl-2, p-JNK, nuclear NF-κB p65, and TIPE2 protein expression. The data are presented as mean ± SEM. *n* = 10/group, ^\*^*P *\< 0.05 versus PBS group; ^\#^*P *\< 0.05 versus LPS group

Expression of TIPE2 protein in the lung {#Sec26}
---------------------------------------

The expression of the TIPE2 protein was significantly increased in the alveolar epithelium after AAV-TIPE2 administration (Fig. [8](#Fig8){ref-type="fig"}). The expression of TIPE2 was decreased 24 h after LPS challenge. The TIPE2 + LPS group exhibited higher expression of TIPE2 compared with that in the LPS group.Fig. 8Immunohistochemical staining of TIPE2 protein expression in the lung. The mice were treated as described in Fig. [1](#Fig1){ref-type="fig"}. Lung tissues were collected for immunohistochemical staining at 24 h after LPS or PBS administration. Representative images of lung tissues under light microscope (Immunohistochemical staining, magnification, × 200)

Discussion {#Sec27}
==========

ALI and ARDS are the two main causes of acute lung failure, which is characterised by high morbidity and mortality and for which effective therapeutic strategies are lacking \[[@CR17]\]. Thus, identifying novel therapeutic treatments for ALI is urgently needed. In the current study, we found that TIPE2 overexpression attenuated LPS-induced ALI in mice via its anti-inflammatory and anti-apoptotic effects. First, TIPE2 overexpression significantly improved LPS-induced lung injury, as evidenced by changes in histopathology, the lung W/D weight ratio, BALF protein concentration, and arterial blood gas. Second, TIPE2 overexpression decreased inflammatory cell infiltration into the lungs and pulmonary cell apoptosis. Third, the levels of pro-inflammatory cytokines in the serum of LPS-challenged mice were reduced by AAV-TIPE2 treatment. Fourth, TIPE2 overexpression inhibited LPS-induced NF-κB p65 nuclear translocation and JNK phosphorylation in the lungs. Finally, TIPE2 overexpression prevented lung cell apoptosis by downregulating the expression of pro-apoptotic proteins (Bax, cleaved caspase-3, and cleaved caspase-8) and upregulating the expression of an anti-apoptotic protein (Bcl-2) in the lungs of LPS-challenged mice. In conclusion, these results demonstrate that TIPE2 overexpression ameliorates LPS-induced ALI via reducing lung inflammation and apoptosis, which may be associated with decreased NF-κB and JNK activity.

The characteristics of ALI/ARDS can be reproduced by the intracerebral administration of LPS \[[@CR18]\], which acts via TLR4 to induce the production of inflammatory cytokines, resulting in damage to microvascular and epithelial integrity and increased alveolar and interstitial edema \[[@CR19]\]. In this study, we successfully produced a mouse model of ALI by the intratracheal administration of LPS. We found that acute lung injury, which was characterised by pathological changes in lung tissue (by H&E staining and TEM), increased lung water content, the infiltration of inflammatory cells, and pulmonary dysfunction was present 24 h after LPS administration. However, AAV-TIPE2 treatment markedly reduced LPS-induced lung injury.

TIPE2 is a critical regulator of immune homeostasis that negatively regulates T cell receptor (TCR) and Toll-like receptor (TLR) signalling \[[@CR15], [@CR20]\]. TIPE2 deficiency in mice induces foetal inflammatory diseases, and TIPE2 downregulation in humans causes systemic autoimmunity \[[@CR15], [@CR21]\]. Moreover, TIPE2 has also been identified as an apoptosis regulator that contains a death effector domain (DED) and is able to inhibit the activities of the apoptotic enzymes caspase-3 and caspase-8 \[[@CR22]\]. Sun et al. demonstrated that the deletion of TIPE2 amplifies JNK and p38 MAPK phosphorylation and NF-κB activation, suggesting that TIPE2 is a negative regulator of JNK, p38 MAPK and NF-κB \[[@CR15]\].

In LPS-induced ALI, LPS is recognized by TLR4 and subsequently promotes the activation of NF-κB \[[@CR9]\], which is a pivotal transcription factor in the pathogenesis of ALI. When activated, NF-κB p65 translocates to the nucleus, where it triggers the transcription of inflammatory cytokines, such as TNF-α, IL-6, and IL-1β \[[@CR23]\]. The inactivation of NF-κB p65 inhibits inflammation-induced inflammatory cell infiltration, edema, and pro-inflammatory cytokine production in the lungs \[[@CR24]\]. In the current study, TIPE2 overexpression significantly inhibited the LPS-induced levels of TNF-α, IL-6, and IL-1β in the serum-induced and concomitantly decreased NF-κB activation. Therefore, the inhibitory effect of TIPE2 overexpression on LPS-induced increases in the levels of pro-inflammatory cytokines may be ascribed to its suppression of NF-κB activation.

Liu MW et al. found that, after LPS challenge, the increased expression of TIPE2 is associated with the inhibition of NF‑κB expression, the production of TNF-α and IL-6 and decreased ROS activity in RAW264.7 cells \[[@CR25]\]. In another study by Liu et al., Melilotus extract was shown to have protective effects against CLP-induced lung injury, possibly by upregulating the expression of TIPE2 \[[@CR26]\]. Thus, TIPE2 may have a protective effect against sepsis-induced lung injury and LPS challenge in cells. In our present study, AAV-TIPE2 treatment markedly reduced LPS-induced lung injury.

Pulmonary cell apoptosis also plays a critical role in the pathogenesis of ALI \[[@CR27]\]. LPS-induced cell apoptosis may be partly dependent on the mitochondria pathway \[[@CR28]\]. JNK, a member of the MAPK family, is critical for LPS-induced apoptosis in macrophages \[[@CR13]\]. LPS triggers JNK phosphorylation, which subsequently mediates the phosphorylation of anti-apoptotic proteins (Bcl-2/Bcl-xL) and upregulates proapoptotic Bax. When the Bax/Bcl-2 ratio is elevated, the mitochondrial membrane potential changes, causing the release of cytochrome C into the cytosol from the mitochondria \[[@CR29]\] and resulting in the activation of caspase-9 and then caspase-3 to induce apoptosis \[[@CR30]\]. Several previous studies have shown that TIPE2 contains a death effector domain (DED) and that the overexpression of TIPE2 is associated with enhanced survival and the inhibition of caspase-mediated apoptosis through the inhibition of the activities of the apoptotic enzymes caspase-8 and caspase-3 \[[@CR31]--[@CR33]\]. In addition, the depletion of TIPE2 enhances cell death \[[@CR34], [@CR35]\]. In the current study, we found that AAV-TIPE2 administration remarkably inhibited the expression of pro-apoptotic proteins (Bax, cleaved caspase-9, and cleaved caspase-3) and JNK phosphorylation and restored the expression of the anti-apoptotic protein Bcl-2. These findings suggest that epithelial TIPE2 drives the protective effects against LPS-induced injury and that the inhibitory effect of TIPE2 overexpression on LPS-induced cell apoptosis may be attributed to its suppression of JNK activation.

Together, TIPE2 exerts a protective effect against LPS-induced ALI possibly through its anti-inflammatory and antiapoptotic activities, and it may be a potential therapeutic target for ALI.

In conclusion, our study demonstrated that TIPE2 expression was significantly decreased in lung tissues in ALI mice after LPS challenge. Moreover, adeno-associated virus-mediated TIPE2 overexpression remarkably inhibited inflammation and cell apoptosis induced by LPS. We also provided evidence that the anti-inflammatory and anti-apoptotic effects of TIPE2 might at least partly involve the inhibition of NF-κB and JNK activation, respectively. Therefore, our results indicate that TIPE2 might be useful as a potential therapeutic target for sepsis-induced ALI.
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:   Acute lung injury
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:   Acute respiratory distress syndrome

BALF

:   Bronchoalveolar lavage fluid

ELISA

:   Enzyme-linked immunosorbent assay

i.t.

:   Intratracheal

LPS

:   Lipopolysaccharide

MPO

:   Myeloperoxidase

PBS

:   Phosphate-buffered saline

PMNs

:   Polymorphonuclear neutrophils

TUNEL

:   Deoxynucleotidyl transferase dUTP nick end labeling

W/D

:   Wet-to-dry

TIPE2
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